Introduction {#Sec1}
============

As seen in the arts of music and dance, human beings naturally synchronize with each other's movement. This temporal coordination of motor rhythm with external rhythm is characteristic of human behaviour^[@CR1]^. People can correct the timing of their own movements during synchronization on a millisecond time scale within a wide range of tempos^[@CR1],[@CR2]^. In addition, people synchronize with external rhythms simultaneously with other people. For example, a player synchronizes with a conductor in an orchestra together with other players, and people dance with partners when synchronizing with music. Does feedback from a partner improve performance accuracy in rhythm synchronization to external signals, or does it work as a distractor for rhythm synchronization? If performance is improved by a partner's feedback, what temporal dependency on the partner causes the improvement?

Mates *et al*.^[@CR3]^ investigated the effect of a participant's partner's feedback on the participant's synchronization with external rhythm in the literature on social feedback^[@CR4]^, which involves cross-linking between the sensory and motor systems of two individuals. The authors conducted an auditory synchronization task in which a participant tapped his or her fingers in an isochronous sequence together with and without a partner who synchronized the same sequence simultaneously. The asynchrony between the timings of the sequence and the participant's tapping increased as a result of the cross-feedback (CFB) condition in which the participant perceived the partner's feedback compared to synchronization without the CFB. The authors did not find mutual dependency on the synchronization performance with the partner's feedback. These results suggest that the CFB with a partner is only a distractor in synchronization with the external rhythmic sequence. In fact, the timing of rhythm production with the external sequence is influenced by distractor stimuli presented together with the sequence^[@CR5]--[@CR7]^.

One might consider that if highly trained musicians perform the same task, they can show high accuracy and some mutual dependence with other players. In fact, asynchrony and its variability are lower for trained musicians than for untrained people^[@CR8]--[@CR10]^. For example, drummers showed smaller asynchrony and lower variability of tempo in synchronization with auditory signals by finger tapping than did non-musicians^[@CR11]^. In addition, some studies have found temporal dependencies between players in a musical ensemble of professional musicians^[@CR12]--[@CR14]^. For example, Wing *et al*. and Timmers *et al*. investigated the rhythm synchronization between four participants^[@CR13],[@CR14]^. In a string quartet, the players adjusted their own timing using asynchrony between their own and other players' timing^[@CR13]^. Additionally, there were some temporal mutual dependencies between the players, such as mutual tracking of tempo^[@CR13],[@CR14]^. The intense, long-term training of musicians influences the performance accuracy and temporal dependencies they show when playing an instrument with other players. However, these temporal features in rhythm synchronization may have been found in studies because the participants were highly trained musicians.

There is another possible reason why low performance and no mutual dependency were found in previous research^[@CR3]^: The participants were asked to synchronize with a constant-tempo metronome. Recently, many studies have found unique characteristics of dyad rhythm synchronization that differ from isochronous sequences^[@CR15]--[@CR22]^. Konvalinka *et al*. conducted a synchronization task in which participants attempted to maintain a target tempo with auditory feedback from their partner, who simultaneously maintained the same tempo^[@CR18]^. The synchronization errors (SEs) of tapping between the participants and the partners were not worse than those with the constant-tempo metronome. In addition, the authors found mutual tracking of inter-tap intervals (ITIs) between the participants under the CFB condition where the two participants obtained feedback on their partner's tapping. That is, if each follower's tempo sped up at the last tap, the other tempo sped up, and if each follower's tempo slowed down, the other slowed down. Thus, the participants did not create a leader-follower relationship but became followers of their partner at the same time. The authors called this mutual dependency "hyper-followers". To investigate the characteristics of ITI drift in the pair context, Okano *et al*. used the synchronization-continuation (SC) task^[@CR22]^. In the SC task^[@CR23]--[@CR25]^, the participants were first asked to synchronize with an isochronous sequence and then to keep the same tempo after the metronome had stopped. Okano *et al*. conducted this SC task with and without a partner and found that the ITI gradually decreased in the SC task with a partner.

These previous studies show differences in performance accuracy and temporal dependency with dyad rhythm synchronization from isochronous sequences. Thus, the synchronization between a human leader and a follower should also be different from that with a metronome. For example, the interaction between a human leader and followers would create coupling of their timing, and the SEs would not increase. In addition, the performance of rhythm synchronization with external stimuli has been investigated by indexes other than SEs^[@CR1],[@CR2]^, such as tempo-keeping accuracy, tempo stability, and variability of SEs. In particular, the CFB of the followers would increase their tempo stability. The mutual dependency of tempos^[@CR18]^ is believed to occur unconsciously in dyad synchronization. Therefore, followers who synchronize with a human leader would depend on each other in the same manner by the CFB between them even though they intend to synchronize with the leader. The mutual dependency of their tempos could help them decrease their tempo variability. The purpose of this study was to investigate the temporal accuracies of people in rhythm synchronization with a human leader together with and without a partner who attempt to synchronize with the leader at the same time. Accuracy was investigated from various perspectives, i.e., tempo-keeping accuracy, tempo stability, SEs, and the variability of SEs. In addition, this study aims to reveal what temporal dependencies between the leader and the follower and between followers affect performance accuracy.

For these purposes, we conducted an auditory synchronization task using finger tapping between one leader and two followers. The followers were required to synchronize with a constant-tempo metronome or a human leader who was asked to keep a tempo. This task was performed under three leader-type conditions and two between-follower conditions (Fig. [1](#Fig1){ref-type="fig"}). The leaders were a constant tempo (700 ms) metronome (M condition) and a human leader who attempted to maintain a target tempo (700 ms) without or with feedback from the followers (HNF and HF conditions, respectively). Under these leader conditions, the followers synchronized with the leader's timing presented via auditory signals without or with feedback from their partner (NFB and CFB conditions, respectively). At the beginning of the trials, an auditory constant-tempo (700 ms) pacemaker was presented to the followers in all conditions and to the human leader in the HNF and HF conditions. After the pacemaker stopped, the participants started the finger-tapping tasks. The leader's tap timing was presented to the followers as a 500 Hz pure tone, and the followers' tap timing was submitted to the leader and the partner as 1,000 or 2,000 Hz, respectively.Figure 1Conditions used in the present experiment. The arrows indicate the flows of timing information. For example, the arrow from the human leader to follower 1 means that follower 1 perceived the tap timing of the human leader via auditory signals. Three leader types and two between-follower-FB conditions were prepared. Under the M conditions, the followers synchronized to a constant tempo (700 ms) metronome. Under the HNF and HF conditions, the followers synchronized to a human leader who was asked to keep a constant tempo (700 ms) without or with feedback on tap timing from the followers, respectively. In the HNF condition, the human leaders tapped their index fingers to keep the tempo without any external stimuli after the 700 ms tempo pacemaker had been stopped. That is, they performed a continuous finger-tapping task. Under the NFB condition, the followers synchronized to the leader separately, and under the CFB condition, the followers perceived their partner's tap timing.

Results {#Sec2}
=======

Eighteen participants (6 groups) joined the present experiment. We used the data from all groups for the analyses. Due to space limitations, we show part of the results of the statistical tests in this section. All results are shown in the [Supplemental Information](#MOESM1){ref-type="media"} section. Because we did not find any significant differences in the pitch of auditory stimuli at which the followers' responses were presented (1,000 or 2,000 Hz), the results of two followers are integrated below.

Accuracy and variability of followers' tapping performance {#Sec3}
----------------------------------------------------------

First, to investigate the accuracy and stability of the participants' tapping performance, we calculated four indexes: the mean and the standard deviations (SDs) of followers' ITIs and those of the SEs between the leader and the followers. The ITIs comprise an index of tempo-keeping accuracy. The closer the ITI is to the target tempo, 700 ms, the better the participants keep the tempo. The smaller the SDs of ITIs, the smaller the tempo variability is. The SEs between the leader and the follower are asynchronies of corresponding tap onsets between them. The SE between the leader and the follower below is referred to as the SE. The closer the SE is to 0, the better the followers synchronize to the leader. The smaller the SDs of SEs, the more followers tap before or after a constant period from the corresponding leader's taps. The mean and variability of SEs and the variability of ITIs are affected by the tempo of the external stimuli. The SEs increase with an increase in the inter-onset intervals (IOIs) of external sequences^[@CR26]--[@CR29]^. The variability of SEs and ITIs also increases with the increase in IOIs^[@CR30]--[@CR34]^. In addition, the tempo gradually increases or decreases in continuous tasks in which people attempt to keep a target tempo^[@CR24],[@CR25]^. These findings suggest that if the tempo changes during each trial in the present experiment, the mean and the variability of SEs and the variability of ITIs cannot be directly compared. Therefore, we normalized the SEs using the leader's ITIs corresponding to each SE. In addition, the SDs of ITIs were divided by the means of the leader's ITIs in each trial. Figure [2](#Fig2){ref-type="fig"} shows the results.Figure 2The temporal accuracy and variability of the followers' tapping. (**a**) Means of followers' ITIs under each condition. This index depicts the accuracy of followers' tempo keeping. The CFB between the followers did not affect the followers' tempos. Under the human leader conditions, the tempo of the followers increased compared to the metronome condition, and the feedback from the followers to the leader further accelerated the tempo. (**b**) The normalized SDs of the followers' ITIs. This graph shows followers' tempo variability. When the value is 0.1, the SDs of the follower's tempo is 10% of the averaged leader's ITIs in each condition. The CFB between the followers decreases tempo variability. (**c**) Means of normalized SEs between the leader and the followers. This index shows the followers' synchronization accuracy. When the value is 0.1, the asynchrony between the taps of the leader and the follower is 10% of the corresponding leader's ITI. The negative values indicate that the followers' finger taps attended to the leader's taps. The CFB between the followers increased the synchronization error under the metronome condition but not under the human leader conditions. (**d**) The average SDs of the normalized SEs between the leader and the followers. This value indicates the variability of the asynchrony between the leader and the followers. A value of 0.1 means that the SD of the SEs is 10% of the corresponding leader's ITIs. The CFB between the followers did not affect the variability of SEs. The error bars indicate the SDs between the trials. \*, \*\* and \*\*\* represent *p* \< 0.05, *p* \< 0.01 and *p* \< 0.001, respectively.

There was no effect of the CFB between the followers on the means of the followers' ITIs (Fig. [2a](#Fig2){ref-type="fig"}). On the other hand, the means of the followers' ITIs were smaller under the HNF conditions than under the M conditions and were the smallest in the HF conditions. A three-way mixed-design ANOVA with the pitch, leader type, and between-follower FB revealed no significant difference in the between-follower-FB conditions (*p* = 0.072). We found a significant difference in leader type (*p* \< 0.001). Multiple comparisons showed that the mean of the ITIs was significantly smaller under the M conditions than under the HNF and HF conditions, and it was significantly smaller under the HNF conditions than under the HF conditions (all *p* \< 0.001). These results showed that the CFB between followers did not affect followers' tempos; additionally, follower's tempo were faster under the human leader conditions than under the M conditions, and the feedback from the followers to the leader sped up the followers' tempos.

The CFB between the followers decreased the normalized SDs of ITIs (Fig. [2b](#Fig2){ref-type="fig"}). The tempo variabilities were higher under the HNF and HF conditions than under the M conditions. A three-way mixed-design ANOVA showed that the normalized SD of ITIs was significantly smaller under the CFB conditions than under the NFB conditions (*p* = 0.031). In addition, we found a significant difference in leader type (*p* \< 0.001). Multiple comparisons revealed no significant differences between the HNF and NF conditions (*p* = 0.145). The normalized SD of the ITIs under the M conditions was significantly smaller than that under the HNF and HF conditions (*p* \< 0.001 and *p* \< 0.001, respectively). Thus, the variability of the followers' tempo decreased because of the CFB between the followers. In the synchronization with the human leader with and without the feedback from followers, the variability of the follower's tempo was higher than it was in the synchronization with the metronome.

Under all conditions, the means of the normalized SEs (Fig. [2c](#Fig2){ref-type="fig"}) were negative. The negative value of the SEs means that the followers tended to tap before the timing of the metronome and the taps of the human leader. People usually show *negative mean asynchronies* (NMAs) during synchronization with a metronome using finger tapping^[@CR1],[@CR2],[@CR10],[@CR35],[@CR36]^. The results of our experiment show that NMAs are also observed during synchronization with human leaders regardless of whether a partner is present. Only the NMA was larger under the M-CFB condition than under the other conditions. Comparing the SEs between the conditions, we conducted a three-way mixed-design ANOVA in which the factors were pitch, leader type, and between-follower FB. The result showed a significant interaction between leader type and between-follower FB (*p* = 0.016). A *post hoc* test revealed that under the M condition, the normalized SEs were significantly larger under the CFB condition than under the NFB condition (*p* = 0.001). As was the case in a previous study^[@CR3]^, the SEs were larger under the M-CFB condition than under the M-NFB condition. However, we found no significant differences between the NFB and CFB conditions under the HNF or HF conditions (*p* = 0.638 and *p* = 0.055, respectively). In addition, we found a significant difference between leader type under the CFB condition (*p* = 0.001). Multiple comparisons revealed that the normalized SEs were significantly higher under the CFB condition than under the HNF and HF conditions (*p* = 0.003 and *p* = 0.004, respectively). These results revealed that CFB between followers does not impair the synchronization accuracy between the leader and followers during synchronization to the human leader.

We did not find an effect of the CFB between the followers on the SDs of the normalized SEs. However, we found that the SDs were larger under the human leader conditions than under the metronome conditions, and the SDs were even larger under the HF conditions than under the HNF conditions (Fig. [2d](#Fig2){ref-type="fig"}). A three-way mixed-design ANOVA with pitch, leader type, and between-follower FB showed no significant difference for between-follower FB (*p* = 0.065) but showed a difference for leader type (*p* \< 0.001). Multiple comparisons revealed significantly larger SDs of SEs under the HNF and HF conditions than under the M conditions (*p* = 0.001 and *p* \< 0.001, respectively) and even larger SDs of SEs under the HNF conditions than under the HNF conditions (*p* \< 0.001). Thus, the variability of SEs in synchronization with a human leader was larger than that with the isochronous tones, and the feedback from the followers to the leader enlarged the SE variability.

Accuracy and variability of leaders' tapping performance {#Sec4}
--------------------------------------------------------

Next, we investigated the leaders' accuracy of tempo keeping and their tempo variability. The CFB between the followers did not affect the means of the leader's ITIs (Fig. [3a](#Fig3){ref-type="fig"}). In addition, the averaged leader ITIs were smaller under the HF conditions than under the HNF conditions. A two-way, repeated-measures ANOVA with the two human leader types and the between-follower FB showed no significant difference in the CFB between followers (*p* = 0.223). There was a significant difference in leader type (*p* = 0.003). Thus, the CFB between followers did not increase the leader's tempo, but the feedback from the followers to the leader did. It is well known that the tempo gradually increases or decreases in a continuous tapping task in a range of tempos^[@CR25],[@CR30],[@CR37]^. For the present study, the leader performed this task under the HNF condition, and the leader's tempos increased. In addition, the feedback from the followers to the leader increased the leader's tempo. With the acceleration of the leader's tempo, the followers' tempo also increased (Fig. [2a](#Fig2){ref-type="fig"}).Figure 3The temporal accuracy and variability of the leader's tempo. (**a**) Averaged ITIs of the leaders. These values indicate the accuracy of the leader's tempo keeping. The CFB between the followers did not change the leader's tempo. The feedback from the followers to leaders increased the speed of the leader's tempo. (**b**) Means of the coefficient values of the leader's ITIs. This index depicts the leader's tempo variability. A value of 0.1 means that the SD of the leader's ITIs is 10% of the averaged leader's ITIs in each condition. The CFB between the followers increased the tempo variability of the leader without feedback from the followers but decreased that of the leader with feedback from the followers. The error bars indicate the SDs between trials. \*, \*\* and \*\*\* represent *p* \< 0.05, *p* \< 0.01 and *p* \< 0.001, respectively.

The SDs of the leader's ITIs were not changed by the CFB between followers under the HNF conditions but decreased under the HF conditions (Fig. [3b](#Fig3){ref-type="fig"}). In addition, the SDs of the leader's ITIs increased because of the feedback from the followers to the leader under the NFB conditions but decreased under the CFB conditions. We performed a two-way repeated-measures ANOVA for the SDs of the leader's normalized ITIs. There was a significant interaction between leader type and between-follower FB (*p* \< 0.001). We found that under the NFB condition, the normalized SDs of the leader's ITIs were significantly larger under the HF condition than under the HNF condition (*p* = 0.030), and under the CFB condition, the normalized SDs of the leader's ITIs were significantly smaller under the HF condition than under the HNF condition (*p* = 0.005). Moreover, under the HF condition, the normalized SDs of the leader's ITIs were significantly smaller under the CFB condition than under the NFB condition (*p* \< 0.001). These results revealed that the feedback from the followers to the leader increased the SDs of the leader's ITIs under the NFB conditions but decreased under the CFB conditions. That is, when the followers separately synchronized with the leader, the feedback from the followers destabilized the leader's tempo. In contrast, when the followers synchronized to the leader together with the partner, the CFB stabilized the leader's tempo.

Temporal dependencies of tempos {#Sec5}
-------------------------------

Third, to investigate the temporal dependencies of the tempos between the leader and the followers and between followers, we used windowed cross-correlation^[@CR38]^, which revealed temporally local dependence between two time series. If the correlation between the ITIs of two participants was positive at lag −1 or lag 1, one participant adjusted his or her ITI to the partner's previous ITI. That is, if the partner's ITI increased or decreased, the participants increased or decreased their next ITI, respectively. If both correlations at lags −1 and 1 were positive, the participants mutually tracked the partner's ITI. A positive correlation at lag 0 means that the participants' ITI changed in the same manner in real time. On the other hand, a negative correlation at lag 0 shows real-time compensation between the participants' ITIs. When one participant increased his/her ITI, the other participant decreased it in real time.

### Dependencies between human leader and followers {#Sec6}

The windowed cross-correlations between the human leader and the followers at lag −1 showed positive values (Fig. [4a](#Fig4){ref-type="fig"}). The positive correlation at lag −1 between the leader and the followers means that the followers' ITIs tracked the leader's previous ITIs, which is also observed in the synchronization with a sequence including unpredictable perturbation variability^[@CR30],[@CR39]--[@CR41]^. These positive correlations were observed through the trials in all human conditions (Fig. [5a,b](#Fig5){ref-type="fig"}). To compare the correlations between the conditions, we conducted a three-way mixed-design ANOVA for each lag. Only the main effects of between-follower FB were significant in all lags (*p* \< 0.001 for lag −1, *p* = 0.011 for lag 0, and *p* = 0.003 for lag 1). Thus, the leader-follower-type relation between the leader and the followers was well constructed in synchronization with the human leader. In addition, the CFB between the followers weakened the correlations of ITIs between the leader and the followers. This is because the effect of the partner's timing on the follower's tempo reduced the effect of the leader's timing even though the followers tended to ignore their partner's responses.Figure 4Means of the windowed cross-correlations. (**a**) Tempo dependencies between the human leader and the followers. The positive values at lag −1 in each condition revealed that the followers adjusted their ITIs to the leader's last ITIs. (**b**) Tempo dependencies between the followers. Under the M-NFB conditions, there was no specific relationship between the followers. Under the M-CFB conditions, a hyper-follower relationship was found, although the correlation values were small. In the HNF and HF conditions, positive correlations at lag 0 were observed under the NFB condition, and positive correlations at all lags were found under the CFB conditions. The error bars indicate the SDs between trials.Figure 5Sample time series of the windowed cross-correlations in the same group; (**a**--**c**) show time series of the windowed cross-correlations in one trial between the human leader and follower 1, between the human leader and follower 2, and between followers 1 and 2, respectively. These graphs show the transitions of the temporal local dependencies between the participants. In a and b, positive correlations at lag −1 were found through the trials in all conditions. In c, there were positive correlations at lag 0 through the trials under the HNF and HF conditions. In addition, more positive correlations at lags 1 and −1 were found under the CFB condition than under the NFB condition in each leader type, although positive correlations were not always observed throughout the trials.

### Dependencies between followers {#Sec7}

Under the M-CFB condition, the correlation coefficient values at lags 1 and −1 were positive. Under the HNF-NFB and HF-NFB conditions, positive correlations were observed at lag 0. In addition, under the HNF-CFB and HF-CFB conditions, positive correlations were shown at all lags. The tempo dependencies between the followers are shown in Fig. [4b](#Fig4){ref-type="fig"}. Under the M-NFB condition, the correlation coefficient values for all the lags were close to zero. This result is not surprising because there were no direct or indirect relationships between the followers under this condition. For each lag, we conducted a two-way repeated-measures ANOVA with leader type and between-follower FB. For lags −1 and 1, there were significant differences in between-follower FB (*p* \< 0.001 and *p* = 0.045, respectively). Thus, at lags −1 and 1, the CFB between the followers shifted the correlations at lags −1 and 1 to the positive direction. Thus, the followers under the CFB condition mutually tracked their ITIs, although the followers had been asked to ignore their partner in our experiment. However, the correlations were low, and this positive correlation was not always observed throughout the trials (Fig. [5c](#Fig5){ref-type="fig"}), unlike a previous study^[@CR18]^ in which the participants were asked to keep a constant tempo with a partner. In the present study, the followers' task was to synchronize to the human leader. Therefore, the relationship between the followers became weak compared to the previous study. For the correlation at lag 0, there was a significant interaction between the leader type and the between-follower feedback (*p* = 0.003). First, we found a significant simple effect of leader type under the NFB conditions (*p* = 0.016). Multiple comparisons showed that under the NFB conditions, the correlation coefficient values under the HNF and HF conditions were higher than those under the M conditions (*p* = 0.021 and *p* = 0.037, respectively). In addition, the lag-0 coefficient values under the NFB conditions were higher than those under the CFB conditions at the HNF and HF conditions (*p* \< 0.001 and *p* = 0.005, respectively). These results revealed that the correlations at lag 0 under the NFB conditions in the human leader conditions were higher than those under the other conditions. These positive correlations were observed because the followers' ITIs adapted well to the human leader's last ITI simultaneously (Fig. [4a](#Fig4){ref-type="fig"}). Under the M-CFB condition, the average correlation at lag 0 was negative. Thus, the followers tended to compensate for their ITIs in real time. However, the correlation coefficient value was smaller in our study than in a previous study^[@CR18]^. This is because of the task difference, as mentioned above. In contrast, the average correlations at lag 0 were positive under the HNF-CFB and HF-CFB conditions, although we found no significant differences between leader type under the CFB conditions (*p* = 0.114). Under the HNF-CFB and HF-CFB conditions, the follower's relationship with the leader and the partner was integrated. That is, the strong positive correlation by tracking to the leader's tempo, which was observed under the HNF-NFB and HF-NFB conditions, and the weak negative correlation by the real-time compensation of ITIs between the followers were mixed. Therefore, the differences between the leader types were not found under the CFB conditions.

Follower's phase correction responses to leader and partner {#Sec8}
-----------------------------------------------------------

Finally, to investigate the temporal dependencies of the participant's timing correction, we estimated the degree of phase correction response (PCR) (Fig. [6](#Fig6){ref-type="fig"}), which is timing correction using asynchrony between external signals and one's own taps. We performed this estimation, using Jacoby's estimation method^[@CR42],[@CR43]^, which estimates the degree of PCRs with or without period corrections. Two independent error corrections in the rhythm synchronization with the external sequences have been observed: phase correction and period correction (see reviews^[@CR1],[@CR2]^). The period correction is tempo change occurring when the tempo of the external sequences is changed. Thus, we used the model including only phase correction to estimate PCRs from the followers to the metronome and the partner under the M condition because the followers' tempo change was not observed in this condition (Fig. [2a](#Fig2){ref-type="fig"}). We estimated the PCRs from the followers to the leader and the partner using the model including both phase correction and period correction because the leader's and follower's tempos changed under the HNF and HF conditions (Fig. [2a](#Fig2){ref-type="fig"}).Figure 6(**a**) Estimated alpha of the followers' PCRs to the leader. Alpha means the constant for the PCR, and a large alpha shows a strong PCR. Under both human leader conditions, the PCRs were higher than under the metronome conditions. In all leader types, the CFB between the followers decreased the PCRs. (**b**) Estimated alpha of the followers' PCRs to the partner under CFB conditions. There were no significant differences between the conditions. The error bars indicate their SDs between trials. \* and \*\*\* represent *p* \< 0.05 and *p* \< 0.001, respectively.

The PCRs were smaller under the M conditions than under the HNF and HF conditions (both *p* = 0.029) (Fig. [6a](#Fig6){ref-type="fig"}). In addition, the CFB between the followers decreased the PCRs under all leader conditions (*p* \< 0.001). Thus, the follower's PCRs to the leader was the smallest in the M-CFB condition. Furthermore, the follower's PCRs to the partner under the CFB condition were not significantly different between the human leader conditions (*p* = 0.157) (Fig. [6b](#Fig6){ref-type="fig"}).

Discussion {#Sec9}
==========

This study aimed to investigate the contribution of the CFB between the followers to performance accuracy and stability in synchronization with a human leader. In addition, we investigated the temporal dependencies between the leader and followers and between followers, which affected accuracy and stability. The CFB between the followers did not impair the tempo-keeping accuracy of the leader or the followers or value or variabilities of the SEs. Moreover, the CFB between the followers improved the tempo stability of the followers and the leader with the followers' feedback. The windowed cross-correlations between followers' ITIs showed followers' tempo tracking to the leader and mutual tempo compensation between followers. In addition, the CFB between the followers weakened the tempo dependencies from the followers to the leader. The CFB weakened the PCR from the followers to the leader, although the PCRs between the followers were not changed by the CFB.

The improvement in the leader's and the followers' tempo stability from the CFB between the followers under the human leader conditions (Figs [2b](#Fig2){ref-type="fig"} and [3b](#Fig3){ref-type="fig"}) was caused by the mutual tempo tracking between the followers (Fig. [4b](#Fig4){ref-type="fig"}). This mutual tracking was observed between players following a leader in a string quartet of professional musicians^[@CR14]^. Our result suggests that the mutual tempo tracking also contributed to the stability of the tempo in the ensemble performance. In addition to the mutual tempo tracking between followers, the followers' tracking of the leader contributed to tempo stability (Fig. [4a](#Fig4){ref-type="fig"}). When there were positive correlations at lags −1, 0, and 1 between the followers' tempos (Fig. [4b](#Fig4){ref-type="fig"}), the two followers' tempos gradually and smoothly changed in the same fashion. This tempo coupling between followers decreased the variability of their own and the leader's tempos. However, the stronger feedback from the followers to the leader under the NFB conditions than under the CFB conditions (Fig. [4a](#Fig4){ref-type="fig"}) impaired the tempo stability of the leader. The tracking was stronger when the followers separately tracked the leader than when the followers interacted, and then, the leader's tempo variability increased because of the feedback from the followers (Fig. [3b](#Fig3){ref-type="fig"}). Thus, the stronger feedback from the followers to the leader under the NFB conditions than under the CFB conditions worked as a distractor for the leader. The interaction between followers weakened this strong tracking and prevented the leader's tempo variability from increasing. These results suggest that for tempo stability in temporal coordination such as an ensemble, the balance of the coupling strength with the leader and the partner is important.

Under all conditions, the means of the normalized SEs were negative (Fig. [2c](#Fig2){ref-type="fig"}). People usually show NMAs during synchronization with a metronome using finger tapping^[@CR1],[@CR2],[@CR10],[@CR35],[@CR36]^. The results in our experiment show that NMAs were also observed during synchronization with human leaders, regardless of whether a partner was present. Under the M condition, we found an increase in the NMA between the leader and the followers by the CFB between the followers, as in a previous study^[@CR3]^. This was because the followers' finger tap timing was influenced by the partner's feedback, which came before the metronome tones, on average. When distractor tones were presented with target tones that participants were asked to synchronize with isochronous tones, their tap timing shifted in the direction of the distractors^[@CR5]--[@CR7]^. The partner's responses that occurred before the metronome tone worked as distractor tones under the M-CFB condition. However, in synchronization with the human leader, the synchronization accuracy of the followers to the leader was not disturbed regardless of the presence or absence of the CFB between followers. The followers tended to synchronize their taps to the human leader's taps more strongly than to the metronome tones; thus, the effect of the partner's feedback on the synchronization error decreased in the human leader conditions. The PCR results corresponded to this hypothesis (Fig. [6a,b](#Fig6){ref-type="fig"}). The intensity of the follower's PCR to the metronome was weaker under the M-CFB condition than under the other conditions. This relatively small PCR to the leader caused the increase in NMA under the M-CFB condition. On the other hand, the larger PCRs to the leader in the human leader conditions than in the metronome conditions prevented an increase in the NMA by the CFB between the followers in the human leader conditions. The followers' intention to follow the leader increased the PCR from the followers to the leaders under the human leader conditions. Compared to an isochronous sequence, the PCR was weaker in synchronization with a metronome containing a timing shift and with an "adaptively timed" sequence whose timing was changed along with the participant's timing^[@CR44]^. Therefore, the strong PCR in synchronization with the human leader compared to the metronome was caused not by the irregularity in the leader's tap timing but by the followers' intention to synchronize with the leader's timing. The strong PCR by the followers' intention to follow the human leader prevented an NMA increase. In addition to the followers' intention to synchronize with the leader, their intention to ignore the partner's timing contributed to preventing an NMA increase. The CFB between followers decreased the PCRs from the followers to the leader in all leader conditions. However, the PCRs under the human leader conditions were significantly large to prevent an NMA increase. If the followers did not intend to ignore the partner, the PCR from the followers to the human leader would decrease because of the CFB more than our results revealed, and then, the NMA would increase. In the context of a musical ensemble, this intention to follow the leader and the other player would contribute to the synchronization accuracy. Note that even if the followers tried to ignore their partner, they could not eliminate their partner's effect on their rhythm production (Figs [4b](#Fig4){ref-type="fig"} and [6b](#Fig6){ref-type="fig"}). The tap timing in the synchronization with a metronome was affected even by the unconscious timing perturbation of the metronome^[@CR5]--[@CR7]^. Thus, players in a musical ensemble could not completely eliminate the effect of their partner's sound, and the weaker relation between the followers compared to that between the leader and the followers would remain even if they ignored the partner, which is needed for the smooth rhythm change and the prevention of an NMA increase as mentioned above.

Although the CFB between followers did not affect the accuracy of tempo keeping, the feedback from the followers to the leader accelerated both the leader's and followers' tempos (Figs [2a](#Fig2){ref-type="fig"} and [3a](#Fig3){ref-type="fig"}). As mentioned above, the tap timing was shifted in the direction of the distractor timing^[@CR30],[@CR39],[@CR41]^. Therefore, when the leader perceived feedback from followers, the leader's tempo accelerated with the followers' taps (which tended to occur before the leader's taps), and the followers' tempo accelerated according to the leader's tempo acceleration. Okano *et al*. found that the tempo gradually increased through a trial in an SC task using finger tapping between two people^[@CR22]^. To investigate whether such a gradual increase in tempo was observed in the present experiment, we calculated the mean ITI transition every 26 taps from the first tap to the 130th tap (Fig. [7](#Fig7){ref-type="fig"}). Under the HF-CFB condition, the acceleration seemed to stop in the middle of the trials. Therefore, the human leader could halt the tempo acceleration in the synchronization between people when the tempo increased. The extent to which the human leader keeps the tempo in rhythm synchronization should be investigated in future works. However, it would be difficult to completely prevent acceleration even if there were a leader whose role was to keep the target tempo of the music. In fact, the acceleration in relation to the tendency of tempo to increase, rushing, is often observed in musical ensembles^[@CR45]^. To prevent rushing, musicians need strong skill in keeping a constant tempo. The ability of tempo keeping was found to be higher for highly trained musicians than for amateurs^[@CR9]^.Figure 7Average ITIs for every 26 taps of (**a**) follower 1, (**b**) follower 2, and (**c**) the leader. These graphs show the average tempo transitions in the trials. In the HNF conditions, the tempos of the followers and the leader gradually increased throughout the trials. In the HF conditions, the tempos of the followers and the leader increased sharply at the beginning of the trials and then increased gradually. Under the HF-CFB condition, the accelerations of the followers' and leader's tempos seemed to stop. The error bars indicate their SDs between trials.

Finally, we did not find any effect of pitch difference between followers' feedback. When the target and the distractor sequences were presented at the same time, the magnitude of the pitch differences between the two sequences did not affect the PCR^[@CR7]^. Our results for the pitch difference in the rhythm synchronization between people correspond to previous results for synchronization with a metronome. However, no effects of pitch differences on tap timing were observed in a previous study^[@CR7]^ or our experiment because relatively high pitch tones, from 500 Hz to over 2,000 Hz, were used. Hove *et al*. investigated the effect of low pitch, which corresponded to the pitch of bass-ranged instruments^[@CR46]^. They found stronger phase correction to rhythmic auditory stimuli with a low pitch (196.0 Hz) than with a high pitch (466.2 Hz). This result suggests that the sounds by low-pitch instruments could efficiently lead the rhythm in ensembles. In a professional string quartet, the first violin with a high pitch and the cello with a low pitch simultaneously led the second violin and the viola^[@CR14]^. The cello with a low pitch could easily lead the rhythm because it has a stronger effect on the other players than the first violin with a high pitch does. On the other hand, the appropriate balance of the following players' intention to follow the leader and the other players, as mentioned above, would be needed for the first violin to lead the rhythm in ensembles.

In conclusion, in synchronization with the human leader, the CFB with the partner who synchronized with the leader contributed to the performance of rhythm production. The CFB between the followers decreased the followers' and leader's tempo variability. The improvement in the leader's and followers' tempo stability was caused by the followers' weak mutual tempo tracking via the CFB and the followers' strong tempo tracking with the leader. In addition, the stronger PCRs from the followers to the human leader than those to the metronome prevented the increase in the NMA by the CFB between the followers, which was shown in the synchronization with the metronome. The results suggest that players in ensembles should appropriately control the balance between influences from the leader and partners. That is, the players should strongly attend to the leader and should direct less attention to the partners. In future work, rhythm synchronization between highly trained musicians should be investigated. The rhythm synchronization performance between musicians is considered to be higher than non-musicians. The high performance of the musicians could be caused by their different balance control of attention to the leader and the partners compared to the non-musicians. The musicians might attend more strongly to the leader and more weakly to the partners than the non-musicians.

Methods {#Sec10}
=======

Participants {#Sec11}
------------

Eighteen people (2 women and 16 men) participated in this experiment and were divided into groups of six. They ranged in age from 21 to 32, and all were right-handed. All participants had no auditory or movement impairment. This experiment was conducted in accordance with the Declaration of Helsinki and authorized by the ethical committee of the University of Tokyo. Written informed consent was obtained from all participants.

Apparatus and stimuli {#Sec12}
---------------------

The participants' responses were measured by pressure sensors (PH-464; DKH Corp.). The auditory stimulus was presented via headphones (ATH-T200; audito-techica). All auditory stimuli were generated by a sound generator (custom-made, DKH Corp.). All signals were measured and generated by the interface (custom-made; DKH Corp.) controlled by a special programme (DKH Corp.) on a PC (Dimension 8300; Dell Corp.). All signals were measured at a one-msec resolution. The auditory stimuli for pacemakers were 500 Hz pure tones, and their duration was 100 msec. The metronome's stimuli and the human leaders' responses were presented to the followers as 500 Hz pure tones. Those of the two followers were presented to the leader and the other follower as 1,000 and 2,000 Hz pure tones, respectively.

Task and conditions {#Sec13}
-------------------

The task was to synchronize finger tapping using the right index finger with rhythmic stimuli from a leader with and without feedback from a partner. We used three leader-type conditions: the M, HNF, and HF conditions. In the M condition, two followers tapped their right index fingers to synchronize with a constant-tempo (700 ms) metronome at the same time. In the two human leader conditions, the human leader kept the 700 ms tempo by finger tapping, and the followers' task was to synchronize with the leader. For the HNF condition, the leaders did not receive any external stimuli. For the HF condition, the leaders were exposed to stimuli related to both followers' responses. In all leader-type conditions, the followers performed the task with and without the feedback stimuli from the other follower. We call the two between-follower-FB conditions the CFB and NFB conditions. Under the CFB condition, the followers received feedback from their partner. Under the NFB condition, the followers synchronized with the leaders without feedback from their partner.

Procedures {#Sec14}
----------

Three participants were randomly categorized as a leader and two followers, whose responses were presented to the other participants as 500, 1000 and 2000 Hz auditory stimuli, respectively. The participants were seated at each desk and isolated by partitions. The volume of the auditory stimuli via the headphones was adjusted to a comfortable level for each participant and fixed throughout the experiment. The participants closed their eyes and wore an eye mask during the tasks. In addition, they were asked to not move their head or body except for their index finger. Under all conditions, the participants started their finger tapping following the 8 stimuli of the constant-tempo pacemaker (700 ms). After the 8 stimuli, the pacemaker stopped. Under the M conditions, the constant-tempo metronome (700 ms) started after the 8 stimuli of the pacemaker, and the followers were then asked to synchronize with the metronome. Under the HNF and HF conditions, the leaders were asked to keep the pacemaker's tempo, and the followers tapped to synchronize with the human leaders. Additionally, the leaders were instructed to ignore the auditory stimuli from the followers under the HF conditions. The followers were also asked to ignore the auditory stimuli from the other follower under the CFB conditions.

We prepared blocks for the metronome and human leader conditions. For the M conditions, each between-follower condition (M-NFB and M-CFB) was performed twice in one block. For the human leader conditions, each condition (HNF-NFB, HNF-CFB, HF-NFB, and HF-CFB) was conducted twice in one block. Each block was carried out twice. Therefore, all conditions were performed four times per group. Half of the groups started with the two metronome blocks and then did the two human leader blocks. The order of trials in a block was randomized. The other half was carried out in the inverse order. Thus, the trial orders were counter-balanced between the groups. We conducted practice trials for all conditions. These practice trials were performed twice for one condition. The trial lengths of practice and experiment were 34 seconds and 116 seconds, respectively. The experiment lasted approximately two and half hours per group, including the rest time.

Statistics {#Sec15}
----------

Only the onset tapping times were included in the analyses. The first 10 taps of each tapping sequence were eliminated, and the next 120 taps were used for the analyses. All statistical tests were performed using R version 3.2.4. To evaluate sphericity, the Greenhouse-Geisser method was used. We transformed the coefficient correlation values using Fisher's z before performing ANOVA. All *post hoc* tests were conducted using the Shaffer Method^[@CR47]^. The significance level was set at 0.05 for all tests.

The mean and variability of the SEs increased when IOIs of external stimuli increased^[@CR30]--[@CR34]^. Therefore, the SEs between the leader and the followers were normalized as follows, where *t*~*L*~(*n*) and $\documentclass[12pt]{minimal}
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To investigate the temporal dependency between participants, we computed windowed cross-correlation^[@CR38]^ of ITIs between the leader and each follower and between the followers. The moving window size was six taps, the maximum lag was three, and the increment of window and lag was one. The windowed cross-correlation shows the temporal local dependency between two time series. For cross-correlation analysis, the *stationarity*^[@CR48],[@CR49]^ of two time series is usually assumed. The stationarity assumption means that the statistical properties, such as the means and the SDs, do not change across the entire period of the time series. However, this assumption is usually not maintained in the time series of rhythm production with other people. The windowed cross-correlation method does not require the stationarity of time series, but it requires the local stationarity of time series and reveals the local dependencies between two time series, which appear over time in the process.

To estimate the PCR constant of the followers to the leader or the partner, we used *bounded generalized least squares* (bGLS), which is a parameter estimation method for various linear sensorimotor synchronization models proposed by Jacoby *et al*.^[@CR42],[@CR43]^. For the two noise components of the whole variability of tapping, timekeeper and motor variance, this method assumed that the timekeeper variance was larger than the motor variance^[@CR50]^. For the calculation of the followers' PCRs, we used the code published by the authors^[@CR43]^. For the followers' PCRs to the metronome, we used the phase correction model for a single person and multiple people synchronizing with an isochronous sequence. For the followers' PCRs to the human leader or the partner, we calculated the phase and period correction model for a single person synchronizing with a non-isochronous sequence and ensemble. These calculations were conducted in MATLAB 2018a (The MathWorks, Inc.).
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